BACKGROUND: Lidocaine can alleviate acute as well as chronic neuropathic pain at very low plasma concentrations in humans and laboratory animals. The mechanism(s) underlying lidocaine's analgesic effect when administered systemically is poorly understood but clearly not related to interruption of peripheral nerve conduction. Other targets for lidocaine's analgesic action(s) have been suggested, including sodium channels and other receptor sites in the central rather than peripheral nervous system. To our knowledge, the effect of lidocaine on the brain's functional response to pain has never been investigated. Here, we therefore characterized the effect of systemic lidocaine on the brain's response to innocuous and acute noxious stimulation in the rat using functional magnetic resonance imaging (fMRI). METHODS: Alpha-chloralose anesthetized rats underwent fMRI to quantify brain activation patterns in response to innocuous and noxious forepaw stimulation before and after IV administration of lidocaine. RESULTS: Innocuous forepaw stimulation elicited brain activation only in the contralateral primary somatosensory (S1) cortex. Acute noxious forepaw stimulation induced activation in additional brain areas associated with pain perception, including the secondary somatosensory cortex (S2), thalamus, insula and limbic regions. Lidocaine administered at IV doses of either 1 mg/kg, 4 mg/kg or 10 mg/kg did not abolish or diminish brain activation in response to innocuous or noxious stimulation. In fact, IV doses of 4 mg/kg and 10 mg/kg lidocaine enhanced S1 and S2 responses to acute nociceptive stimulation, increasing the activated cortical volume by 50%-60%. CONCLUSION: The analgesic action of systemic lidocaine in acute pain is not reflected in a straightforward interruption of pain-induced fMRI brain activation as has been observed with opioids. The enhancement of cortical fMRI responses to acute pain by lidocaine observed here has also been reported for cocaine. We recently showed that both lidocaine and cocaine increased intracellular calcium concentrations in cortex, suggesting that this pharmacological effect could account for the enhanced sensitivity to somatosensory stimulation. As our model only measured physiological acute pain, it will be important to also test the response of these same pathways to lidocaine in a model of neuropathic pain to further investigate lidocaine's analgesic mechanism of action.
BACKGROUND: Lidocaine can alleviate acute as well as chronic neuropathic pain at very low plasma concentrations in humans and laboratory animals. The mechanism(s) underlying lidocaine's analgesic effect when administered systemically is poorly understood but clearly not related to interruption of peripheral nerve conduction. Other targets for lidocaine's analgesic action(s) have been suggested, including sodium channels and other receptor sites in the central rather than peripheral nervous system. To our knowledge, the effect of lidocaine on the brain's functional response to pain has never been investigated. Here, we therefore characterized the effect of systemic lidocaine on the brain's response to innocuous and acute noxious stimulation in the rat using functional magnetic resonance imaging (fMRI). METHODS: Alpha-chloralose anesthetized rats underwent fMRI to quantify brain activation patterns in response to innocuous and noxious forepaw stimulation before and after IV administration of lidocaine. RESULTS: Innocuous forepaw stimulation elicited brain activation only in the contralateral primary somatosensory (S1) cortex. Acute noxious forepaw stimulation induced activation in additional brain areas associated with pain perception, including the secondary somatosensory cortex (S2), thalamus, insula and limbic regions. Lidocaine administered at IV doses of either 1 mg/kg, 4 mg/kg or 10 mg/kg did not abolish or diminish brain activation in response to innocuous or noxious stimulation. In fact, IV doses of 4 mg/kg and 10 mg/kg lidocaine enhanced S1 and S2 responses to acute nociceptive stimulation, increasing the activated cortical volume by 50%-60%. CONCLUSION: The analgesic action of systemic lidocaine in acute pain is not reflected in a straightforward interruption of pain-induced fMRI brain activation as has been observed with opioids. The enhancement of cortical fMRI responses to acute pain by lidocaine observed here has also been reported for cocaine. We recently showed that both lidocaine and cocaine increased intracellular calcium concentrations in cortex, suggesting that this pharmacological effect could account for the enhanced sensitivity to somatosensory stimulation. As our model only measured physiological acute pain, it will be important to also test the response of these same pathways to lidocaine in a model of neuropathic pain to further investigate lidocaine's analgesic mechanism of action. (Anesth Analg 2009; 108:334 -44) Li docaine (LIDO), when administered systemically at doses that result in low plasma concentrations in the range of 1-10 g/mL, can alleviate acute pain [1] [2] [3] [4] [5] and chronic neuropathic pain in humans and experimental animal models. 6 -9 Interestingly, when effective, pain relief after a single IV LIDO treatment can last for days or months, 10 which is far beyond LIDO's known pharmacokinetic longevity. 11, 12 The plasma concentration of LIDO that has proven therapeutic in alleviating pain is significantly below what is required to block electrically evoked peripheral nerve conduction in nociceptive C-fibers and nonnoxious A␤-and A␦ fibers, which require near-lethal LIDO concentrations Ͼ250 g/mL. 13 Several studies have explored the mechanisms that may underlie the unusually long-lasting analgesic effects of IV LIDO. For example, in animal models of chronic pain, it was shown that systemic low-dose LIDO was effective in blocking tonic neural discharges in injured peripheral A␦-and C-fiber nociceptors in dorsal root ganglia, which might explain its mechanism of action. [13] [14] [15] Other suggested targets for LIDO's analgesic action include sodium channels and other receptor sites not in the periphery, but in the brain. 16 -18 Information on LIDO's effects in the brain or the contributions of these to the intriguing analgesic effects that have been observed in both acute and chronic pain is limited. Although LIDO's effect on neurotransmitter release, 19 -22 seizure induction, [23] [24] [25] [26] and neurotoxicity [27] [28] [29] [30] [31] [32] in the central nervous system has been extensively investigated, brain responses during exposure to painful stimuli with systemic LIDO have, to our knowledge, not been characterized.
Noninvasive imaging techniques, such as functional magnetic resonance imaging (fMRI), have been used to characterize changes in brain function in small animal models in response to a wide variety of drugs and/or somatosensory stimuli, [33] [34] [35] [36] [37] [38] [39] including acute nociception. 40, 41 For example, in the rat, acute stimulation via the sciatic nerve of nociceptive A␦ and C-fibers resulted in bilateral activation of known brain pain pathways which were attenuated by systemic morphine. 40 As a first step in characterizing the effects of LIDO on the pain response in the brain, we therefore used fMRI and blood-oxygen-level-dependent (BOLD) contrast to assess the activation pattern induced by innocuous somatosensory and acute noxious electrical stimulation in the rat brain with and without LIDO. Based on the knowledge that systemic LIDO does not block somatosensory or nociceptive peripheral nerve conduction, we hypothesized that LIDO would not interfere with brain activation as measured by fMRI in response to either innocuous somatosensory or acute nociceptive stimulation.
METHODS
All surgical and experimental procedures were approved by the institutional animal care and use committee. Female Sprague-Dawley rats (210 -290 g) were used for the studies.
Animal Preparation for MRI
All rats were initially anesthetized with 3% isoflurane and an intraperitoneal (i.p.) dose of methohexital sodium (50 mg/kg) and were also pretreated with glycopyrolate (0.04 mg/kg i.p.). After oral endotracheal intubation, mechanical ventilation was initiated (Harvard Apparatus, Inspira ASV). Anesthesia was maintained with 1.5%-2% isoflurane delivered in a 1:1 air/O 2 gas mixture. The femoral vein and a tail vein were catheterized for fluid and drug administration and the femoral artery for arterial blood pressure monitoring and collection of blood gas measurements during the study.
MRI and Forepaw Stimulation Protocol
All imaging was performed on a superconducting 9.4T/210 horizontal bore magnet (Magnex) controlled by an ADVANCE console (Bruker) using a 30-mm diameter surface radiofrequency coil secured above the head of the rat. All vital signs were continuously monitored during the experiment (SAM PC monitor, SA Instruments, Inc). Needle electrodes were inserted under the skin of each forepaw, between digits 2 and 3 and between 4 and 5. After positioning and insertion of needle electrodes, the anesthesia was switched from isoflurane to ␣-chloralose (Sigma); ␣-chloralose was administered first as an IV bolus of 40 mg/kg over a 10 -15 min time period followed by a continuous infusion of 25 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 . Two to three trials of forepaw stimulations were administered to assure that the anesthetic plane was adequate. If the forepaw stimulation did not induce changes in mean arterial blood pressure (MABP), heart rate or the respiratory waveforms, the anesthetic depth was considered adequate. Muscle paralysis with vecuronium (0.01 mg/kg) was then achieved.
For fMRI a single-shot echo-planar sequence was used with the following parameters: TR ϭ 1500; TE ϭ 30 ms; effective bandwidth ϭ 227272 Hz, field of view ϭ 2.56 ϫ 2.56 cm 2 ; 64 ϫ 64 matrix with a resulting in-plane resolution of 400 m; 8 axial 1.4 mm-thick slices spaced 0.15 mm apart. Each scan was acquired in 3 s. To more accurately identify the anatomical location of the functional activation maps, higher resolution T2-weighted spin-echo images were acquired with identical spatial geometry using a RARE pulse-sequence.
The pulse train forepaw stimulations were generated using a commercial current stimulator (Isolated Pulse Stimulator 2100, A-M Systems). Negative short rectangular current pulses of 0.3 ms duration were applied at a frequency of 3 Hz to either right or left forepaw. Preliminary data from the literature indicate that a 2 mA forepaw electrical stimulus seems to be innocuous (i.e., brain fMRI activation is limited to the somatosensory cortex and does not include other pain-related brain regions), whereas stronger stimulation currents are not. We therefore divided the animals into three groups based on the stimulation current used: Group 1 (n ϭ 4) 2 mA; Group 2 (n ϭ 2) 4 mA; and Group 3 (n ϭ 3) 8 mA. The 2 mA paradigm consisted of 23 scans acquired during rest, 10 scans acquired during stimulation (total stimulation time 30 s), and followed by a poststimulation rest period of 30 scans (total acquisition time 63 ϫ 3 s ϭ 3.15 min). To minimize painful exposures to the higher stimulation currents, we shortened the stimulation time for Vol. 108, No. 1, January 2009 the 4 and 8 mA trials. The 4 mA paradigm consisted of 13 scans acquired during rest, 3 scans during stimulation (total stimulation time 9 s), and followed by a poststimulation rest period of 20 scans (total acquisition time ϭ 36 ϫ 3 s ϭ 1.8 min). The 8 mA paradigm consisted of 13 prestimulation scans, 1 scan during stimulation (total stimulation time 3 s) and 22 scans acquired after stimulation (total acquisition time: 36 ϫ 3 s ϭ 1.8 min). For each of the stimulation current paradigms, the BOLD signal amplitude as well as the activation map distribution acquired during control conditions were established before LIDO administration. The baseline was obtained by repeating the stimulation paradigm (i.e., 2 mA, 4 mA or 8 mA) 4 times at an interval of 6 -10 min ( Fig. 1 ). After the baseline acquisitions, the animals were allowed to rest for approximately 20 min before administration of the first of the 3 escalating doses of LIDO (see below). The entire fMRI experiment required approximately 3.5 h.
IV LIDO Administration
In clinical studies using LIDO for treatment of neuropathic pain or acute nonneuropathic pain, LIDO was administered IV to achieve plasma levels between 1 to 5 g/mL. 6 Thus, previous animal studies with systemic LIDO have used IV computerized infusions to achieve similar LIDO plasma concentration ranges to mimic the clinical studies and to keep the LIDO in a nontoxic range. 8, 9 We did not use a continuous infusion of LIDO. However, we performed experiments to determine the plasma LIDO concentration over time in rats anesthetized and prepared as described for the imaging experiments. The rats were similarly exposed to the escalating doses of LIDO as shown in Figure 1 . Blood samples were collected at set time intervals via the femoral artery and placed in heparinized microcentrifuge tubes. The blood volume removed from the animals was replaced with an equal volume of blood containing heparin to avoid hemodynamic instability secondary to blood loss. The collected blood was centrifuged at 3000 rpm for 5-10 min, and the plasma was extracted and stored at Ϫ80°C until analysis. The blood sampling times were 5 and 35 min after the 1 mg/kg LIDO dose and 5, 15, 25, and 35 min after the 10 mg/kg LIDO dose (no samples were collected for the 4 mg/kg/dose).
LIDO Analysis
LIDO and five major unconjugated metabolites were quantified using a specifically developed and validated liquid chromatography procedure. Reference standards for LIDO and xylidide (XYL) were purchased from Sigma Chemical Co. (St. Louis, MO) and Aldrich Chemical Co. (Milwaukee, WI), respectively. Metabolites monoethylglycinexylidide (MEGX), glycinexylidide, 4-hydroxyxylidide (4-OH-XYL), 3-hydroxymonoethylglycinexylidide, 3-hydroxylidocaine (3-OH-LIDO), and internal standard pipecoloxylidide (PPX) were generously supplied by AstraZeneca Pharmaceutical Co., (Sodertalje, Sweden). The extraction procedure involved a 0.2 mL sample of plasma (in 0.01 M HCl) and the addition of 25 L (250 ng) PPX, 0.5 mL of 0.5 M NaOH, and 5.0 mL of ethyl acetate: methyl-tertbutyl ether (1:1). The mixture was shaken for 10 min at a slow speed on a tilt-platform rocker and then centrifuged at 2000 rpm for 15 min. The top organic layer was transferred to a conical centrifuge tube containing 150 L of 0.1 M HCl. The contents were mixed for 10 min and then centrifuged for 10 min. The organic phase was aspirated to waste and the remaining acid layer evaporated to dryness using a vacuum centrifuge with moderate heat (approximately 45°C). The dried residue was reconstituted with 125 L of mobile phase and transferred to the autosampler inserts for chromatography.
Separation of the extracted LIDO, its metabolites and internal standard was performed using an octadecylsilyl reversed phase column (Phenomenex Luna C-18, 3 , 150 ϫ 4.6 mm, Torrance, CA) with a mobile phase consisting of 0.05 M monobasic potassium phosphate: acetonitrile (84:16) with the addition of 1 mL/L phosphoric acid (85%), 1.2 mL/L triethylamine, and 7 mL/L heptane sulfonate (20%). The eluted compounds were detected by ultraviolet absorbance at 210 nm. Using a flow rate of 1.5 mL/min with a column thermostated at 32°C, the retention times of the eluted compounds were: 4-OH-XYL, 3.2 min; 3-hydroxymonoethylglycinexylidide, 4.7 min; 3-OH-LIDO, 6.5 min; glycinexylidide, 13.7 min; XYL, 15.6 min; MEGX, 19.0 min; PPX, 26.0 min; LIDO, 28.5 min. Every set of samples was preceded with a 7-point calibration curve, which included the expected concentration range of samples, a blank, and three sets of quality controls. The limit of quantification for LIDO and the metabolites (except for 4-OH-XYL) was about 12.5 ng/mL. Figure 2 shows the time course of the plasma LIDO concentration after 1 mg/kg and 10 mg/kg (other metabolites not shown). As can be seen, the plasma LIDO concentration is at the "therapeutic" target range of Ͼ1 g/mL at the 5-, 15-, and 25-min time points after the 10 m/kg LIDO dose. For the 1 mg/kg dose, the plasma concentration is Ͻ1 g/mL at both the 5-min and 35 min time point.
In all imaging experiments, the rats were exposed to 1 mg/kg, 4 mg/kg, and 10 mg/kg over the course of the study as illustrated in Figure 1 . Each dose of LIDO was administered IV over 3-5 min, which translated into approximately 0.5-0.1 mg/min. After each of the IV LIDO dose challenges, forepaw stimulation trials were conducted at 5-min, 15-min, 25-min, and 35-min ( Fig. 1) . One hour was allowed between each of the escalating doses of LIDO to assure that the LIDO plasma concentration was negligible before the next dose was administered.
MRI Data Analysis
The fMRI images were analyzed using Stimulate V6.01 (CMRR, University of MN). After a background masking, the intensity time course of each pixel during the scan was cross-correlated with a boxcar template according to the known stimulation profile. We used a correlation coefficient (r) Ն 0.3 which corresponds to a P value of 0.01 to calculate the activation maps and detect the areas with a statistically significant BOLD signal. A 4-neighbor 2D clustering was performed to remove scattered false activation. For each rat, a sector-shape region of interest was delineated covering the entire forepaw area of the somatosensory cortex (which spanned 2-3 of the acquired slices and included both primary and secondary somatosensory cortex). Both the number of pixels (nominally, each pixel accounts for a volume of 0.4 ϫ 0.4 ϫ 1.5 ϭ 0.24 mm 3 /pixel) and the average time course of the statistically significantly active pixels (pixels with r Ն 0.3) within the region of interest were extracted for each trial, and used to represent the spatial and temporal profile of the BOLD response, respectively. Each time course was then normalized to its mean value during the prestimulation baseline and the peak value was extracted to assess the magnitude for each stimulation trial. All calculated and color-coded functional activity maps were overlaid on the echo-planar images and the anatomical location of activated pixels identified by comparing with the corresponding high resolution T2-weighted MRI. Intra-group differences in the baseline BOLD signal amplitude and magnitude of BOLD activation (number of pixels with statistically significant BOLD signal increases) were analyzed using an F-test. Statistical differences between the average baseline BOLD signal amplitude (average of the four individual stimulations before injection of LIDO) and amplitudes obtained after the LIDO administrations were analyzed using a paired t-test. Statistical differences between the cortical volume activated during baseline conditions (average of the 4 trials) was compared with cortical volumes activated 5-min (where the plasma LIDO concentration was highest) after each of the escalating doses of LIDO using a paired t-test.
RESULTS

Physiological Values
All rats had normal blood gas values during the fMRI experiments. Stimulation with 2 mA (30 s), 4 mA (9 s) or 8 mA (3 s) did not produce significant increases in MABP or heart rate. There was no significant effect of IV LIDO on the MABP or the heart rate regardless of dose administered (data not shown). Figure 2 . The time course of the average plasma lidocaine concentration after 1 mg/kg and 10 mg/kg in 3 rats. As can be seen, the plasma lidocaine concentration is at the "therapeutic" target range of Ͼ1 g/mL at the 5-, 15-, and 25-min time points after the 10 m/kg lidocaine dose. For the 1 mg/kg dose the plasma concentration is Ͻ1 g/mL at both the 5-min and 35 min time point. Figure 3 shows typical activation maps of the BOLD signal response in the rat brain elicited by each of the 4 baseline 30 s-2 mA forepaw stimulation trials. As expected, right (or left) forepaw stimulation produced BOLD signal increases in the contralateral primary somatosensory cortex (S1) area corresponding to the forepaw territory. In the 4 Group 1 rats exposed to 2 mA for 30 s, the S1 area was the only significant brain region eliciting a BOLD response; although this suggests the 30-s-2-mA stimulus was an innocuous stimulus, because with an r Ն 0.3 threshold for data analysis, it is possible that subthreshold activation of other areas went undetected. The number of pixels (pixels with a statistically significant BOLD signal) in S1 activated by the 2 mA stimulus was highly consistent from trial to trial in individual animals ( Fig. 3 ), although modest variation in the total number of pixels activated was observed across subjects. Analysis of all Group 1 rats demonstrated that the average amplitudes of the 4 individual 2 mA-induced BOLD responses acquired during control conditions were 4.1% Ϯ 1.7%, 3.9% Ϯ 2.5%, 4.5% Ϯ 0.3% and 4.5% Ϯ 1.7%, with statistical analyses revealing no significant trial to trial differences (F-test, P Ͼ 0.05) thus indicating that a stable stimulation baseline was present before IV LIDO challenges.
Forepaw stimulation with 4 mA elicited the expected contrallateral S1 activation. However, areas with significant BOLD signal increases were also observed in the ipsilateral (in relation to the paw stimulated) thalamus, bilaterally in the ventral tegmental area (VTA) and hypothalamus, albeit somewhat inconsistently from stimulation trial to trial. Because of this inconsistency, data derived from 4 mA stimulation were not assessed further.
Forepaw stimulation with 8 mA for 3 s consistently elicited BOLD signal increases in the contralateral S1 and S2. However, in all of the animals, several other brain areas associated with activation of nociceptive C-fibers, such as the thalamus, insula, hypothalamus and VTA, 42 were also activated although not always coincidently. Nonetheless, because the stimulation trials always included 2-3 of the regions listed above in addition to S1/S2 activation, it was concluded that this stimulation current was noxious. Table 1 lists the regions of the brain that were observed to be activated during control conditions (no lidocaine) derived from EPI magnetic resonance imaging (MRI) images in a Group 1 rat. The activated pixels were calculated using a cross-correlation of r Ͼ0.3 (STIMULATE). The color bar to the right is a 10-step transition from red to yellow which corresponds to a positive BOLD signal increase from 1% to 10%. In this particular animal the total volume of pixels with statistically significant BOLD signal increase over the 4 individual baseline stimulation trials was 3.6 mm 3 , 1.9 mm 3 , 3.6 mm 3 , and 2.4 mm 3 . The corresponding BOLD signal amplitudes of the 1st, 2nd, 3rd, and 4th stimulation was 2.3%, 2.1%, 4.8% and 2.4%, respectively.
in response to the 8 mA forepaw stimulation during control conditions in 3 different animals. Figure 4A shows an example in one of the rats and demonstrates activation in the following areas contralateral to the forepaw stimulated: S1, secondary somatosensory cortex (S2), thalamus, posterior hypothalamus and the VTA. Figure 4B shows another example of brain activation in response to the noxious stimulation with additional activation of the insula. Under control conditions, the BOLD signal amplitude and total activated pixel volume in S1/S2 elicited by forepaw stimulation with 8 mA was 5.8% Ϯ 0.4% and 7.4 Ϯ 2.6 mm 3 , respectively. In a few control animals, we also investigated the stability of the forepaw stimulation brain activation signal over a subsequent 3-h period during which no IV LIDO was administered. Figure 5 shows the result of a control experiment using a 8 mA, 3 s forepaw stimulus according to the experimental stimulation design but without the LIDO challenges. As can be seen, the amplitude of the BOLD signal response measured in primary somatosensory cortex (average of In this particular animal, brain regions with statistically significant blood-oxygen-level-dependent (BOLD) signal increases was observed contralateral to the forepaw stimulated in the following regions: primary somatosensory cortex (S1), secondary somatosensory cortex (S2), hippocampus, posterior hypothalamus and ventral tegmental area (VTA). Thalamic activity was also observed ipsilateral to the forepaw stimulated. (B) Example with additional activation of the insula region in another rat. Th ϭ thalamus; PH ϭ posterior hypothalamus; Hip ϭ hippocampus. Activated brain regions were identified by comparing locations on the raw EPI images with their anatomical counterparts and labeled rat brain atlas templates. BOLD signal changes are also observed outside of the brain corresponding to the surface of the brain and/or muscles and are related to large venous structures. In both A and B the color bar to the right is a 10-step transition from red to yellow which corresponds to a positive BOLD signal increase from 1% to 10%. Vol. 108, No. 1, January 2009 all activated pixels) for each stimulation trial was relatively stable over the 2-3 h study time. The corresponding cortical volume activated by the 8 mA, 3 s forepaw stimulus in S1 for each trial was also relatively consistent over this timeframe.
Effect of IV LIDO
Innocuous 2 mA, 30 s Stimulus
The effect of the increasing doses of IV LIDO on the BOLD signal elicited by the 2 mA, 30 s stimulus is shown in Table 2 . First, the BOLD signal amplitude elicited by 2 mA in S1 did not change significantly with either dose of LIDO when compared with the baseline amplitude.
Second, the average volume of pixels in S1 activated at baseline conditions was 5.9 Ϯ 3.2 mm 3 , and there were no statistically significant changes in the total volume of activated pixels in S1 observed with either dose of LIDO. However, the S1 response varied considerably from animal to animal. For example, at 5-min after the 10 mg/kg IV LIDO challenge, the volume of activated pixels elicited by the 2 mA, 30 s stimulus in S1 increased from approximately 6mm 3 to approximately 20 Ϯ 18 mm 3 The large variation in the number of activated pixels is a consequence of 3 animals that demonstrated clear increases in the volume of activated pixels in S1 after the 10 mg/kg dose, but one animal which did not. Collectively, the data from the group Figure 5 . The result of a control experiment using the repetitive 8 mA, 3 s forepaw stimulation paradigm as outlined in Figure 1 but without the IV lidocaine challenges. As can be seen the amplitude of the bloodoxygen-level-dependent (BOLD) signal response measured in primary somatosensory cortex (average of all activated pixels) for each stimulation trial was relatively stable over the 2-3 h study time. The corresponding cortical volume activated by the 8 mA, 3 s forepaw stimulus in S1 for each trial was also relatively consistent over time although some variation is seen. approached, but did not reach, statistical significance (P ϭ 0.056). Figure 6 shows the brain activation pattern in response to the noxious 8 mA forepaw stimuli at baseline and 5-min after 4 mg/kg and 10 mg/kg IV LIDO. First, Figure 6 demonstrates that brain regions involved in nociception are still activated, including S1 and S2 in spite of the IV challenges with 4 mg/kg and 10 mg/kg LIDO. In addition, Figure 6 shows that the fMRI BOLD response in S1/S2 is enhanced (increased total number of pixels) immediately after administration of LIDO. Figure 7 shows brain activation patterns in response to the nociceptive stimulus 5-min after 10 mg/kg LIDO in 2 different rats. In the first rat (left forepaw stimulation), brain activation is elicited contralateral in the right in S1, VTA, thalamus and posterior hypothalamus (Fig. 7) . In the second rat (right forepaw stimulation), brain activation was elicited in the left S1/S2 and thalamus (Fig. 7) . Table 3 shows that the average amplitude of the BOLD signal in somatosensory cortex immediately after 1 mg/kg LIDO was 7.1% Ϯ 1.0%, which was not statistically different from the baseline BOLD signal amplitude Figure 6 . Brain activation patterns in response to the noxious 8 mA forepaw stimuli at baseline and 5-min after 4 mg/kg and 10 mg/kg IV lidocaine. As can be seen brain regions involved in nociception are still activated including S1 and S2 in spite of the lidocaine. In addition Figure 4 shows that the functional magnetic resonance imaging (fMRI) bloodoxygen-level-dependent (BOLD) response in S1/S2 is enhanced (increased total number of pixels) after administration of lidocaine. The color bar to the right is a 10-step transition from red to yellow which corresponds to a positive BOLD signal increase from 1% to 10%. Figure 7 . Brain activation patterns in response to the nociceptive stimulus 5-min after 10 mg/kg lidocaine in 2 different rats. In the first rat, (left forepaw stimulation) brain activation is elicited contralateral in the right in S1, ventral tegmental area (VTA), thalamus, and posterior hypothalamus. In the second rat (right forepaw stimulation) brain activation was elicited in the left S1/S2 and thalamus. The color bar to the right is a 10-step transition from red to yellow which corresponds to a positive blood-oxygen-level-dependent (BOLD) signal increase from 1% to 10%. BOLD ϭ blood-oxygen-level-dependent. a The average BOLD signal amplitude elicited by 8 mA in S1/S2 approximately 5-min following 10 mg/kg was statistically significant from baseline (5.8 Ϯ 0.4 vs 6.9 Ϯ 0.4. P ϭ 0.0025). b The S1/S2 volume activated by 8 mA in S1/S2 approximately 5-min following 4 mg/kg was statistically significantly larger than that activated before lidocaine (7.4 Ϯ 2.6 mm 3 vs 15.7 Ϯ 3.9 mm 3 , P ϭ 0.008). c The S1/S2 volume activated by 8 mA in S1/S2 approximately 5-min following 10 mg/kg was statistically significantly larger than that activated before lidocaine (7.4 Ϯ 2.6 mm 3 vs 19.2 Ϯ 1.5 mm 3 , P ϭ 0.03).
Noxious 8 mA, 3 s Stimulus
( Table 3 ). Further, the pixel volume activated in S1 in response to the 8 mA forepaw stimulus 5-min after 1 mg/kg LIDO was also similar to baseline conditions. However, the amplitude of the BOLD signal after 10 mg/kg LIDO was 6.9% and significantly higher than at baseline (5.8 Ϯ 0.4 vs 6.9 Ϯ 0.4. P ϭ 0.0025). In addition, analysis of the 4 mg/kg and 10 mg/kg LIDO brain activation maps, demonstrated that the total volume of activated S1/S2 cortex was significantly larger than that observed during control conditions. For example, 5-min after the 4 mg/kg LIDO challenge the activated pixel S1/S2 volume increased from 7.4 to 15.7 mm 3 (P ϭ 0.008), and for the 10 m/kg LIDO challenge it increased from 7.4 to 19.2 mm 3 (P ϭ 0.03).
DISCUSSION
The major finding of this study was that LIDO, when administered IV, did not abolish or diminish the brain's response as measured by fMRI BOLD to innocuous or acute noxious electrical stimulation of the forepaw in normal rats. We also showed for the first time that LIDO enhanced the somatosensory cortical fMRI BOLD response to acute noxious stimulation as evidenced by an increase in the number of activated pixels.
Previous experimental animal studies have demonstrated that nerve conduction in peripheral nerves is not blocked by therapeutic, low dose LIDO. 9, 43, 44 Other targets for LIDO's analgesic action have therefore been suggested, including sodium channels and other receptor sites, not in the peripheral nervous system, but in the central nervous system. 16 -18 Here we used fMRI to visualize forebrain activation during brief acute pain and demonstrated that the brain circuits and pathways activated in response to peripherally evoked acute noxious stimulation were not disrupted by systemic LIDO in contrast to what has been observed previously for opioid analgesics, such as morphine. [45] [46] [47] [48] [49] These results raise several questions. First, does the animal model of acute pain used here to test the analgesic action of LIDO mimic the clinical condition? Second, what causes the LIDOinduced somatosensory fMRI BOLD enhancement observed during acute nociception? And third, is the LIDO-induced cortical fMRI BOLD enhancement of importance for its analgesic efficacy?
Animal Model of Acute Pain: Clinical Relevance
To elicit acute pain in the rat, we applied an 8 mA electrical current to the forepaw for 3 s which elicited activation in brain areas known to be involved in acute nociception. Our data agree with previous documentation of neuroanatomical pathways involved in acute pain observed in humans 42, 45, 46, 48, 49 and animals. 40,50 -52 For example, neuroimaging studies in humans have demonstrated hemodynamic brain responses to acute pain in somatosensory cortex (S1 and S2) and insula contralateral to stimulation, anterior cingulate cortex and thalamus primarily contralateral to stimulation but often bilateral (for review 42 ).
Preclinical studies with fMRI require that animals be anesthetized and thus a possible confound in these studies is the potential interaction between the anesthetic, the stimulus and/or the drugs tested. However, we used ␣-chloralose as an anesthetic which interferes the least with brain activation during nociceptive stimulation of A-␦ and c-fiber. 40,50 -52 For example, electrical stimulation of A-␦ and c-fibers via the sciatic nerve elicited activation in somatosensory cortex, cingulate cortex, thalamus and hypothalamus, which could be partially inhibited by morphine. 40 The slightly different distribution of brain activation in previous animal studies and those reported here is probably attributable to differences in the magnitude and length of the noxious stimulus applied (e.g., in previous studies the stimulus was applied for several minutes, whereas it only lasted for 3 s in our study). Thus, based on the brain activation patterns that we observe with the noxious 8 mA forepaw stimulus, it is reasonable to conclude that the animal model used is relevant as an acute pain model from a clinical point of view given the fact that some of the same brain regions observed here are activated in humans exposed to acute pain. 42 It is important, however, to emphasize that we tested the effect of systemic LIDO on brain responses to acute, brief pain exposures which activate only the normal physiological pain pathways. One could argue, therefore, that a more clinically relevant experimental model is one that is representative of pathological pain that occurs secondary to both peripheral and central hypersensitization. In studies in which LIDO has shown analgesic efficacy, pathological pain is an important component and thus the potential mechanism of LIDO may be in altering components of pathological pain pathways in the brain, which clearly warrants further investigation. However, from our results it seems unlikely that LIDO's mechanism of action in providing analgesia is by affecting physiological pain pathways.
LIDO-Induced fMRI Enhancement of Cortical Activation with Acute Nociception
The LIDO-induced enhancement of the fMRI BOLD activation in somatosensory cortex to acute noxious stimulation is in agreement with data previously reported for cocaine 53 which, like LIDO, has local anesthetic actions. Cocaine, when administered IV (0.75 mg/kg), was shown to augment the electrophysiological response of thalamic neurons to vibrissae stimulation. 54, 55 Furthermore, Devonshire et al. 53 demonstrated that the neuronal response as measured by summed field potential to intense somatosensory (whisker) stimulation after cocaine was enhanced in barrel cortex. In parallel with the electrophysiological recordings, they also measured the hemodynamic responses during somatosensory stimulation using a combination of optical and BOLD fMRI techniques. 56 The data demonstrated that, because cocaine in itself increased the baseline cerebral blood flow and BOLD signals over time in the somatosensory cortex, the ensuing responses recorded were not accurately reflecting the enhanced neuronal response. 56 We observed that LIDO enhanced the fMRI BOLD activation in somatosensory cortex in response to the acute noxious stimulation and, because LIDO unlike cocaine does not seem to affect baseline cerebral hemodynamics to the same degree, 57 we suggest therefore that the fMRI enhancement observed truly represents enhanced neuronal activation.
Implications for the Mechanisms of Action of LIDO in Treatment of Pain
Both LIDO and cocaine block sodium channels, which is a mechanism that is believed to contribute to the analgesic effects of LIDO in neuropathic pain. 8 However, because sodium channels are responsible for the initiation and propagation of action potentials, 58 their blockade by LIDO would have been expected to decrease and not increase cortical activation with somatosensory stimulation. However, we recently showed that both cocaine and LIDO (1 mg/kg) increased the intracellular calcium concentration [Ca 2ϩ ] i in somatosensory cortex. 59 Since fluctuations in [Ca 2ϩ ] i levels affect neuronal excitability, 60 we propose that LIDO's ability to increase[Ca 2ϩ ] i in somatosensory neurons could also underlie the enhanced cortical activation to noxious and nonnoxious stimulation. Moreover, the increase in [Ca 2ϩ ] i in somatosensory cortex by LIDO may also be relevant for its analgesic effects since studies have proposed a decrease in neuronal calcium currents in somatosensory neurons as the mechanism underlying neuropathic pain. [61] [62] [63] 
CONCLUSION
We studied the effects of LIDO on acute painful stimulation in the brain and demonstrated an increase in the somatosensory fMRI BOLD signal to brief noxious stimuli after LIDO administration. Our results suggest that LIDO's analgesic efficacy is unlikely to be through an action on normal physiological pain pathways. To further determine the potential mechanism of LIDO's analgesic action, future studies are required in animal models of neuropathic pain to assess if under these conditions LIDO alters signaling in the pain pathways in the brain. We are also planning future fMRI studies to characterize the effect of selective calcium channel inhibitors on the brain's response to acute and chronic pain.
